Small variations in nucleic acid sequences can have far-reaching phenotypic consequences. Reliably distinguishing closely related sequences is therefore important for research and clinical applications. Here, we demonstrate that conditionally fluorescent DNA probes are capable of distinguishing variations of a single base in a stretch of target DNA. These probes use a novel programmable mechanism in which each single nucleotide polymorphism generates two thermodynamically destabilizing mismatch bubbles rather than the single mismatch formed during typical hybridization-based assays. Up to a 12,000-fold excess of a target that contains a single nucleotide polymorphism is required to generate the same fluorescence as one equivalent of the intended target, and detection works reliably over a wide range of conditions. Using these probes we detected point mutations in a 198 base-pair subsequence of the Escherichia coli rpoB gene. That our probes are constructed from multiple oligonucleotides circumvents synthesis limitations and enables long continuous DNA sequences to be probed.
Small variations in nucleic acid sequences can have far-reaching phenotypic consequences. Reliably distinguishing closely related sequences is therefore important for research and clinical applications. Here, we demonstrate that conditionally fluorescent DNA probes are capable of distinguishing variations of a single base in a stretch of target DNA. These probes use a novel programmable mechanism in which each single nucleotide polymorphism generates two thermodynamically destabilizing mismatch bubbles rather than the single mismatch formed during typical hybridization-based assays. Up to a 12,000-fold excess of a target that contains a single nucleotide polymorphism is required to generate the same fluorescence as one equivalent of the intended target, and detection works reliably over a wide range of conditions. Using these probes we detected point mutations in a 198 base-pair subsequence of the Escherichia coli rpoB gene. That our probes are constructed from multiple oligonucleotides circumvents synthesis limitations and enables long continuous DNA sequences to be probed. N ucleic acids are the genetic signature molecules for all life; sequences and expression levels of biological nucleic acids provide information about the state of an individual cell or a whole organism. Often, small differences (even single base changes) between otherwise identical nucleic acid sequences can have important biological and biomedical implications. Single base mutations, such as insertions, deletions and single nucleotide polymorphisms (SNPs), form the genetic basis for a variety of human diseases 1, 2 or can confer drug resistance to pathogenic bacteria or viruses 3, 4 . Consequently, the fast, simple and accurate detection, analysis and quantitation of nucleic acid sequences with single base resolution are important research goals with vast potential for biomedical applications.
Virtually all nucleic acid detection technologies utilize the specificity of Watson-Crick base pairing; single-stranded probe 5 or primer 6, 7 molecules capture intended DNA or RNA target molecules of complementary sequence. However, cross-hybridization between closely related probe-target pairs can occur. Such imperfect probe-target binding may be trapped kinetically (that is, dissociate slowly) and practically prevent the intended hybridization reactions. To achieve single-base specificity, many diagnostic assays exploit the sensitivity of enzymes [8] [9] [10] [11] to the presence of mismatch bubbles within their DNA substrates. DNA-templated, non-enzymatic ligation reactions can also be highly sensitive to point mutations in the template 12, 13 . Alternatively, the complementary probe molecules themselves can be engineered to possess greater specificity to the intended target molecule. For example, incorporation of chemically modified bases 14, 15 can increase the affinity of a probe to a correct target. Consequently, disruption of correct base pairing results in a higher energetic penalty and better discrimination 16, 17 . Hairpins and other structural elements can be introduced into the probe molecule to make binding to both the correct and SNP target less energetically favourable, such that small energetic differences can result in strong differences in the hybridization yield [18] [19] [20] [21] [22] [23] [24] . However, reaction conditions often need to be finely tuned for optimal performance, and it is difficult to assay long nucleic acid molecules for single base changes. A comprehensive review of SNP detection methods is given in Kim and Misra 2 .
Here we present a class of conditionally fluorescent molecular probes that effectively discriminate single base changes in primarily double-stranded DNA (dsDNA) work robustly for a wide range of conditions and identify single base changes within long stretches of DNA. Our approach relies on a novel mechanism that we term 'double-stranded toehold exchange' and uses a rationally designed double-stranded probe with forked single-stranded overhangs (Fig. 1a) . We first demonstrated our probes on a set of synthetic dsDNA targets. The reaction of the probe with any SNP target (a molecule that differs from the intended target by a single base pair) exhibited negligibly low yield. Experimentally, up to a 12,000-fold excess of a target was needed to achieve the same signal as a stoichiometric amount of the intended target, comparable to the best enzyme-based methods. Subsequently, we extended our approach to the detection of point mutations in the E. coli rpoB gene. Our probes correctly identified point mutations responsible for resistance to the antibiotic rifampicin 25, 26 . Double-stranded toehold exchange. The double-stranded toehold exchange mechanism is shown in Fig. 1a . The reactants (A and B) are two primarily double-stranded nucleic acid molecules; each possesses single-stranded overhangs at the 5 ′ end of one strand and at the 3 ′ end of the other. These overhangs, shown in orange and purple in Fig. 1a , are termed initiation toeholds. Toeholds of matching colour are complementary to each other, and hybridize to initiate the reaction. The initial four-stranded complex (C 0 ) then undergoes a 'branch migration' process through a series of isoenergetic four-stranded states (C 1 through C n ) 27 . Finally, when the branch migration reaches the other terminus (C n ), the dissociation toeholds (blue and green) spontaneously fall apart to release two primarily double-stranded products (D and E).
The equilibrium concentrations of the various states depend on the length and base compositions of the toeholds, as well as on the length of the homologous branch migration region (shown in black in Fig. 1a ; see Supplementary Text S1). In solutions with low concentrations of divalent metal cation, the transition rates between different intermediate C states are high 28, 29 , and the reaction is rate limited by toehold-association and -dissociation processes. With appropriate selection of toehold strengths, both the forward and reverse kinetics are fast, and the reaction rapidly equilibrates from any initial state.
Here we focus on the problem of constructing high-specificity probes for SNP detection, but we envision that the double-stranded toehold exchange mechanism can also be used for a variety of other applications, such as the modular construction of complex biomolecular circuits for the logical and temporal control of DNA [30] [31] [32] [33] [34] [35] and other molecules [36] [37] [38] .
Conditionally fluorescent dsDNA probe. To adapt the doublestranded toehold exchange mechanism into highly specific molecular probes for dsDNA (Fig. 1b) , we designed the initiation and dissociation toeholds to be similar in length and sequence so that the reaction with the intended target has DG (Fig. 1b) . The probes discriminate intended targets from SNP targets by taking advantage of the fact that small DG o changes near DG o ¼ 0 have disproportionately large effects on the hybridization yield (x). As DG o intended is designed to be approximately 0, a favourable balance is achieved between the binding yield of the intended target (roughly 50%) and the specificity (within a constant factor of optimal specificity ( Fig. 1c and Supplementary Text S2)). Thus, the probe is designed to bind specifically to one particular sequence; a spurious molecule that differs by even a single base pair from the intended target, regardless of position within the duplex, exhibits significantly lower binding at equilibrium.
We use fluorescence to measure directly the hybridization yield. At the opposite end of the initiation toeholds, the probe is functionalized with a fluorophore on one strand and a quencher on the other strand; the close proximity of the fluorophore and quencher ensures that the probe is natively in a dark state. On completion of the double-stranded toehold exchange, the fluorophore and quencher are no longer co-localized on the same molecule, and fluorescence increases.
To implement the desired DG o intended ≈ 0 criterion, we designed the initiation toeholds (orange and purple, Fig. 1a ) to form five base pairs each, and the dissociation toeholds (blue and green, Fig. 1a ) to form four base pairs each. The dissociation toeholds are shorter than the initiation toeholds because the interaction between the fluorophore and quencher stabilizes the reactants 40 (see Supplementary Text S1 for discussion on toehold lengths).
Results
To test whether the fluorescent probe based on double-stranded toehold exchange functions as intended, we first designed an arbitrary dsDNA sequence of 14 base pairs. The initiation and dissociation toeholds (see Methods for sequence design) were then appended to the ends, which resulted in an intended target molecule with 18 base pairs. To facilitate experimentation on the effects of the reaction DG o , we designed the probe to each possess six nucleotides Figure 1 | Schematic representation of the double-stranded toehold exchange mechanism. a, The reaction starts with the hybridization of the initiation toeholds (orange and purple) to form a four-stranded complex C 0 . Next, the four-stranded complex undergoes a series of single-base reconfiguration events, known as branch migration 27 . The various states of branch migration (C i ) are roughly isoenergetic, and thus each branch-migration step is reversible and unbiased. When the branch migration reaches state C n , at which the four-stranded complex is held together only by the dissociation toeholds (blue and green), these dissociation toeholds can dissociate spontaneously to release the two product molecules. b, A highly specific, conditionally fluorescent molecular probe based on four-stranded toehold exchange. The probe is functionalized at the balancing toeholds with a fluorophore and a quencher on separate strands; at the end of the reaction, the fluorophore is delocalized from the quencher and fluorescence increases. The lengths and sequences of the toeholds are designed so that the DG of initiation toehold, but the effective toehold is determined by the shorter of the toeholds for the probe and the target, and the latter was designed to be five nucleotides for the experiments shown here in the main text. Fourteen SNP target molecules were designed that each differed from the intended target by one base pair (Fig. 2a) . These base changes were distributed at three different positions along the testing region, and included insertions, deletions and replacements. Supplementary Fig. S1 for details on the derivation of x from raw fluorescence values.) The discrimination factor, Q ¼ x intended /x SNP , quantifies the single-base specificity of the probe as the ratio of the hybridization yields (fluorescence) generated by equal concentrations of the intended and SNP targets; Q at t ¼ 25 h is plotted in Fig. 2c , and ranges from 17 to 99, with a median of 43. Operation of the probe is robust to the concentration of the probe; at lower probe concentrations, kinetics are slower, but discrimination at equilibrium is preserved ( Supplementary Fig. S3 ).
For spurious targets that differ from the intended target by more than one base pair, analysis predicts that the discrimination factor will be roughly exponential in the number of base-pair changes (for example, a spurious target with two base-pair changes would yield a discrimination factor of roughly Q ≈ 43 2 ≈ 1,800). However, the sensitivity of our equipment precludes the accurate measurement of hybridization yields lower than about 0.002; consequently, spurious targets that differ by two or more base pairs were not tested.
It is important that, as for molecular beacons and other nucleic acid hybridization probes, our double-stranded probe does not in itself employ molecular or fluorescence amplification. For the E. coli experiments discussed below, the colony polymerase-chain reaction (PCR) step provided the amplification to generate enough target for fluorescence analysis. Without amplification, the sensitivity of our probes is limited by the sensitivity of the fluorescence readout. For a typical fluorometer, the sensitivity limit is around 100 pM of unquenched fluorophores (Supplementary Fig. S4 ).
Concentration equivalence. The concentration equivalence (R) denotes the excess of SNP target needed to yield the same level of fluorescence (50% of maximum) as that of the intended target at an equal concentration to that of the probe. An R-fold excess of the SNP target yields a false positive, so R determines the specificity of a diagnostic assay based on this technology. For typical hybridization probes, R ≈ Q; however, for our doublestranded probes, the value of R is approximately Q 2 (see Supplementary Text S3 for mathematical details). The quadratic relation between R and Q occurs because there are two products with concentrations that, to maintain equilibrium, will increase to compensate for an increase in target concentration. For the same value of
and [E] increase to balance out an increase in [A] . Thus, an increase in the amount of SNP targets only has a square-root effect on the observed fluorescence (rather than a linear effect). Consequently, high stoichiometric ratios of SNP targets have a much smaller effect on the double-stranded probes than on standard hybridization probes. Figure 3b shows the response of the probe to various concentrations of the intended target and one particular SNP target, 'i8TA'. Whereas 10 nM of the intended target results in approximately 50% hybridization yield at equilibrium (c 1 ¼ 0.5), between 1 and 8 mM of the SNP target is needed to generate the same yield (fluorescence), which indicates that R for 'i8TA' is between 100 and 800. Similar experiments were performed for two additional SNP targets, 'd8' and 'm8CG', and the hybridization yield x of these reactions at t ¼ 25 h is plotted against the concentrations of the SNP targets in Fig. 3c . The solid lines in Fig. 3c show the analytic dependence of equilibrium x on the concentrations of the intended and SNP targets using best fit for reaction DG o (Supplementary Text S2). Listed R values show the horizontal distance between the black curve for the intended target and the coloured curves for the SNP targets. The listed Q values are determined from the hybridization yields at 1:1 stoichiometry of target to probe after 25 hours of reaction. Thus, experiments verify that R varies roughly as the square of Q. Fig. S1 and Methods). The probe is present in solution initially, and the intended or SNP target is introduced at t ≈ 0. Experiments were run at 25 8C in 1 M Na þ . The trace for the intended target is shown in black, and traces for SNP targets are shown in the colours described above (see Supplementary Fig. S2 for a zoom-in of SNP reactions). c, Reaction equilibration appears to be complete after four hours; to ensure equilibration, however, the reactions were allowed to proceed until t ¼ 25 h. The hybridization yields at t ¼ 25 h are taken to be the equilibrium values, and discrimination factors Q ¼ x intended /x SNP are calculated for each SNP target. Observed Q values range between 17 and 99 (median ¼ 43). Error bars show standard deviations calculated from three repetitions of each experiment.
Robustness. Diagnostic assays of DNA samples benefit from solution robustness because biological samples or PCR products can be analysed directly without separate purification and/or buffer-exchange procedures. The primarily double-stranded nature of the targets and probes confers a high degree of robustness to non-cognate single-stranded nucleic acids in solution. Figure 4a shows that discrimination is robust in up to 30 mM of a 50 nucleotide polynucleotide-sequence mixture (in which every position has roughly equal probability of being G, C, A or T). In contrast, probes and reactions based on singlestranded oligonucleotides are affected significantly by a 1 mM polynucleotide sequence mixture 34 . Similarly, temperature-robust diagnostic assays would be desirable in point-of-care and/or resource-limited settings in which precise temperature-control equipment may not be available. At different salinities or temperatures, the DG o ≈ 0 property required for high specificity is preserved because changes to the thermodynamic favourability of base pairing affects both the reactants and products equally; consequently, probes should be highly specific at equilibrium across a wide range of temperatures and salinities. Experimentally, the probes showed high discrimination at equilibrium between the intended target and the SNP target in 1 × PBS, 10 × PBS, 12.5 mM Mg 2þ and 125 mM Mg 2þ (at 25 8C, Fig. 4b ) and at 10 8C, 25 8C, 37 8C and 50 8C (in 1 M Na þ , Fig. 4c ). We next asked how quickly our probes could distinguish an SNP target from an intended target. For this, we calculated the hybridization yields for the data in Fig. 2b as a function of time; that is, we divided the fluorescence values for an SNP target by the fluorescence value for the intended target at each time point (Fig. 4d) . We found that, for all SNP targets, Q . 10 in less than 20 minutes after the initiation of the reaction; thus a reliable result is obtained long before the detection reaction reaches equilibrium, and this high Q is maintained indefinitely (Fig. 4d) . In contrast, other dsDNA probes that utilize four-way branch migration 29, [41] [42] [43] [44] do not use the dissociation toeholds and discriminate SNPs using kinetics. Consequently, at equilibrium, both intended and SNP targets are nearly 100% bound to the probe and discrimination is only possible at early time points in the reaction, which increases the possibility of false-positive results (Supplementary Figs S7 and S8) .
Finally, we performed a number of experiments that compared the SNP discrimination performance of our dsDNA probes to those of molecular beacons (Supplementary Figs S9 and S10) . In all cases, dsDNA probes showed significantly higher discrimination factors; this was particularly true for experiments that targeted a subsequence of the E. coli rpoB gene, as the target had a significant secondary structure. Our dsDNA probes were not affected by the secondary structure, and furthermore could reliably distinguish one nucleotide change within 198 nucleotides, whereas molecular beacons were limited to a detection of one nucleotide change within 15 nucleotides.
Biologically derived samples. Single-base mutations in bacterial genomes can confer resistances to antibiotics. For example, the rpoB gene encodes the b subunit of bacterial RNA polymerase; many mutations in rpoB preserve polymerase function but confer rifampicin resistance in E. coli, Mycobacterium tuberculosis and other bacteria 25, 26 . To prevent widespread antibiotic resistance, it is desirable to treat non-rifampicin-resistant infectious bacteria with rifampicin, and resort to less widespread drugs only when necessary. To facilitate such tactical use of antibiotics, fast, accurate and low-cost drugresistance assays are needed.
As a proof-of-concept demonstration that double-stranded toehold-exchange probes can be used for drug-resistance assays, we designed and tested three probes that targeted subsequences of the rpoB gene (Fig. 5a) . The two shorter probes tested nucleotides 1,531-1,599 and 1,684-1,728 (corresponding to codons 511-533 and 562-576). The probes were functionalized with spectrally distinct fluorophores (ROX and Tye563) and operated simultaneously in solution. The longer probe tested the entire 198 base-pair subsequence from 1,531 to 1,728 (codons 511-576). The target DNA was generated from E. coli colonies via a two-step process: colony PCR was first used to preamplify the rpoB subsequence, and then unbalanced PCR was used to generate each of the two strands that comprise the target (Fig. 5b) .
Probes used here were discontinuous and were assembled from four complementary overlapping sequences, rather than just two (Fig. 5b) . This design change was necessary because fluorophore-or quencher-functionalized oligonucleotides of more than 50 nucleotides cannot be synthesized efficiently. Our experiments revealed that the probe effectively discriminates SNPs despite nicks in the branchmigration region.
Experimentally, DNA from all ten rifampicin-resistant colonies exhibited mismatch behaviour in either the 1,531-1,599 region or the 1,684-1,728 region; in contrast, the wild-type (WT) DNA induced increases in fluorescence for probes that targeted both regions ( Fig. 5c; Supplementary Figs S11-S15 ). Sequencing confirmed the presence of one or more mutations in these two regions for all ten colonies.
The probes for the 1,531-1,599 region and those for the 1,684-1,738 region utilized different toehold sequences; the difference in toehold strengths may have contributed to the different kinetics observed for the blue and green traces in Fig. 5c . Kinetics are highly sensitive to toehold thermodynamics (for example, a 0.4 kcal mol 21 change results in a twofold difference in kinetics). However, equilibrium-based probes, such as the double-stranded toehold-exchange probes presented here, are robust to these kinetic differences.
We also demonstrated that similar probes and targets with only one initiation toehold and one dissociation toehold function to discriminate single base changes reliably, albeit with slower kinetics than probes that use forked toeholds ( Supplementary  Fig. S16 ). Target and probe molecules with only a single overhang are prepared more easily from biological samples, for example using a restriction enzyme or PCR with a modified primer.
Discussion
Using the mechanism of double-stranded toehold exchange, we developed a novel technology for the effective detection of individual base-pair changes in dsDNA. Our discrimination method worked reliably for a wide range of mutations at different positions within a duplex, with a median discrimination factor of Q ¼ 43. Detection was robust to changes in temperature and salinity, and even to up to 30 mM of a mixture of non-cognate single-stranded DNA (which represents a 3,000-fold excess over probe and target concentrations). Depending on the type of base change, a 260-to 12,000-fold excess of the SNP target was tolerated before the signal caused by the mutated target became comparable to that of a correct target.
The high specificity of our probes derives from a combination of two factors:
(1) We designed the probes rationally to react with the intended target with DG o ≈ 0, at which slight thermodynamic changes caused by a single-base mismatch have a disproportionately large effect on the hybridization yield. Specificity is reduced when DG o , 0, for example when initiation toeholds are significantly longer than dissociation toeholds ( Supplementary  Fig. S18 ).
(2) Our assay has the advantage that a base-pair change in the target leads to the formation of two mismatch bubbles in the reaction products. Assays that probe single-stranded targets yield only one mismatch bubble per base change, and the smaller DG o change between correct and SNP targets cannot be distinguished as easily on the basis of thermodynamics.
We further showed that correct and mutated targets can be clearly distinguished early during the approach to equilibrium. Under conditions in which reaction equilibration occurs on the time scale of hours, we were able to identify all mutated targets within the first 20 minutes of the reaction, and fluorescence discrimination was maintained for the remainder of the 25 hours in which we observed the reactions.
The ability to identify single point mutations is critical for diagnosing antibiotic resistance in tuberculosis and other diseases [45] [46] [47] [48] , because most drug resistances can be traced to individual point mutations in narrowly defined regions within a few genes (see Bang et al. 4 ). Our probes can be used to screen extended genetic regions (that potentially contain multiple SNPs in different positions) and can be multiplexed to screen mutations that occur in different genes, which makes this a promising technology for developing rapid and reliable infectious-disease diagnostics. As a first step in this direction, we used our method for the detection of mutations that confer rifampicin resistance to E. coli. Probes were constructed to test two highly variable regions of the rpoB gene and also a 198 base-pair domain that encompasses both regions. DNA from WT E. coli and ten different resistant colonies were reacted with probes, and sequencing confirmed that probes correctly detected the presence of single base-pair changes in all cases. Furthermore, we demonstrated multiplexing-two probes labelled with different Fig. S2 ).
fluorophores functioned simultaneously in the same detection reaction. This could allow the use of an internal control that probes a conserved sequence to compensate for sample-to-sample variability. Importantly, these experiments on biologically derived target DNA utilized discontinuous probes that contain non-overlapping nicks. With this approach, we were able to increase significantly the 'read length' of molecular probes, which traditionally has been 50 nucleotides or fewer because of the synthesis limitations and also the reduced specificity of long oligonucleotide hybridization. We demonstrated the ability to detect a single base change in a continuous region of DNA 198 base-pairs long, and we envision that this technology can be extended to enable SNP detection in significantly longer DNA, potentially even probing lengths necessary to solve the haplotype phasing problem 49 . Furthermore, by using our discontinuous dsDNA probes, we enabled a highly accurate 'sequence comparison' mechanism that could function as a complement to next-generation sequencing technologies (current sequencing reads are limited to less than 500 nucleotides).
Finally, our probes can even be useful for the detection of singlestranded targets that are first converted into dsDNA with forked toeholds using PCR-based methods. Single-stranded nucleic acids often have considerable secondary structure at or near room temperature. Such self-interactions within a target or a single-stranded probe can interfere with the detection reaction, both at a kinetic level 50 ,51 and at an equilibrium thermodynamics level 34, 52 .
The double-stranded nature of our probe and target discourages undesirable pathways that lead to either kinetic traps or spurious interactions. Such a procedure would not necessarily increase the complexity of the detection process because most existing nucleic acid detection technologies require a PCR-based preamplification step.
Methods
Probe design. We designed pairs of forked toeholds with self-similar sequences to avoid secondary structure (for example, for targets shown in Fig. 2 the orange toehold is 5 ′ -AGTGA-3 ′ and the purple toehold is 3 ′ -AGTGA-5 ′ ); this is true for both initiation toeholds and dissociation toeholds. This allows the accurate prediction of probe-binding thermodynamics and kinetics.
DNA oligonucleotides. All DNA oligonucleotides were purchased from Integrated DNA Technology (IDT). Fluorophore-and quencher-labelled oligonucleotides were HPLC purified, non-labelled oligonucleotides (shown in Fig. 5 ) were purchased as Ultramers, primers for PCR were unpurified and all remaining oligonucleotides were purified by polyacrylamide gel electrophoresis. Individual DNA oligonucleotides were resuspended to 100 mM and stored in elution buffer (10 mM TrisHCl, pH 8.5; Qiagen).
IDT provided electrospray ionization (ESI) mass spectrometry data sheets as the quality control; Fig. S19 shows one representative ESI spectrum and Supplementary Table S3 shows a summary of all ESI results (all 47 oligonucleotides showed over 75% purity and 45 oligonucleotides were over 90% pure).
Probe preparation. Probe molecules consisted of either two distinct strands (Figs 2-4) or four distinct strands (Fig. 5) . The strands were mixed stoichiometrically and then thermally annealed (Biorad T100), and cooled Figure 5 | Detection of SNPs in E. coli-derived samples. a, Rifampicin resistance is typically conferred by mutations in one of two regions in the rpoB gene, nucleotides 1,531-1,599 and 1,684-1,728, which correspond to amino acid residues 511-533 and 562-576, respectively. Here, we generated three distinct probes, one to test one region, one to test the other, and one to test both simultaneously (see Supplementary Fig. S17 for sequences of probes and targets). b, DNA from ten rifampicin-resistant colonies was extracted and individually amplified by colony PCR. Subsequently, unbalanced PCR using an excess of one primer with an overhang was used to generate the initiation toeholds. These DNA samples were allowed to react with our fluorescent probes, which were constructed by annealing four separate oligonucleotides, and possessed non-overlapping nicks that do not interfere with probe function. c, The left side of each column shows the approximate position of the mutations, as determined by sequencing. The right side of each column shows the fluorescence response of the rpoB subsequences to the two fluorescent probes. A mutation in the green (blue) region would result in no increase in the fluorescence for Probe 1 (Probe 2), as shown in the green (blue) trace. The experimental results agree with the sequencing results in all experiments. The fluorescence data shown in the experimental panels on the left represent the behaviour over three hours of the reaction; the right panels show ten hours of reaction (see Supplementary Figs S11-S15 for zoomed-in view of data).
uniformly from 98 8C to 25 8C over the course of 73 minutes. To ensure stoichiometry, two-stranded probe molecules were then gel purified using a 10% polyacrylamide gel; four-stranded probe molecules were not purified. Gel solutions were prepared from 40% 19:1 acrylamide:bisacrylamide stock (J.T. Baker Analytical) in 1 × Tris-acetate-EDTA buffer/Mg 2þ solution, and cast between 20 cm by 20 cm glass plates with 1.5 mm spacers. Samples were loaded with 80% glycerol to achieve 10% glycerol concentration by volume. The gel was run at room temperature using a Hoefer SE600 chamber at 140 V for four hours.
Gel bands were visualized using Entela UL3101 ultraviolet light with a fluorescent backplate (Whatman UV254 Polyester 4410222), and then cut out and eluted into 1 ml buffer.
Target preparation. The target molecules shown in Figs 2-4 were prepared similarly to the two-stranded probes, via annealing and purification as described above. The targets derived from E. coli shown Fig. 5 were constructed in a multistep process. Competent cells (10 ml) were cultured in 5 ml Luria Broth (LB) at 37 8C for 48 hours, and then split into 1 ml aliquots. Each aliquot was centrifuged for ten minutes, after which supernatant was decanted. Precipitate was resuspended in 200 ml LB and plated on a LB plate with either 0 mg ml 21 WT or 300 mg ml 21 rifampicin (Sigma R3501). Colonies were allowed to form overnight at 37 8C.
Ten rifampicin-resistant colonies were picked from the plates, and each was amplified with colony PCR (13 minutes at 98 8C, followed by 40 cycles of 98 8C (15 s), 50 8C ( 20 s) and 72 8C ( 40 s), followed by five minutes at 72 8C (Biorad T100)) with 500 nM of each primer. Subsequently, colony PCR-amplification products were used as templates for unbalanced PCR (with 500 nM of one primer and 5 nM of the other 40 cycles). Both primers had a designed toehold at the 5 ′ end that would serve as initiation or dissociation toehold experiments. The two strands of the target were constructed using unbalanced PCR separately, and annealed afterwards.
Time-course fluorescence studies. Kinetic fluorescence measurements were performed using a Horiba FluoroMax 3 spectrofluorometer and Hellma Semi-Micro 114F spectrofluorometer cuvettes. Probes that targeted the 562-576 codon region of the rpoB gene (Fig. 5) used the TYE563 fluorophore (excitation 549 nm, emission 563 nm). For all other experiments, probes used the ROX fluorophore (excitation 584 nm, emission 603 nm). Slit sizes were set at 5 nm for all monochromators. An external temperature bath maintained a designated reaction temperature (25+1 8C, unless stated explicitly in Fig. 4) .
A four-sample changer was used so that time-based fluorescence experiments were performed in groups of four. For the simultaneous detection experiments shown in Fig. 5 , each data point represents the integrated fluorescence over ten seconds per two minutes of reaction. For all other experiments, each data point represents the integrated fluorescence over ten seconds per minute of reaction.
Fluorescence normalization and hybridization yield inference. All fluorescence values were normalized and converted into hybridization yields x via the formula x ¼ (F 2 F b )/(F s 2 F b ), where F is the observed fluorescence, F b is the background fluorescence observed with the addition of buffer only and F s is the saturated fluorescence observed after the addition of a 40-fold excess of correctly matched target (see Supplementary Fig. S1 for details).
